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Hydrocarbon films confined between smooth mica surfaces have
long provided an experimental playground for model studies of struc-
ture and dynamics of confined liquids. However fundamental ques-
tions regarding the phase behavior and shear properties in this sim-
ple system remain unsolved. With ultra-sensitive resolution in film
thickness and shear stress, and control over the crystallographic
alignment of the confining surfaces, we here investigate the shear
forces transmitted across nanoscale films of dodecane down to a
single molecular layer. We resolve the conditions under which liquid-
solid phase transitions occur and explain friction coefficients span-
ning several orders of magnitude. We find that commensurate sur-
face alignment and presence of water at the interfaces each lead
to moderate or high friction, whereas friction coefficients down to
µ ∼ 0.001 are observed for a single molecular layer of dodecane
trapped between crystallographically misaligned dry surfaces. This
ultralow friction is attributed to sliding at the incommensurate inter-
face between one of the mica surfaces and the laterally ordered solid
molecular film, reconciling previous interpretations.
Confined liquids | Nanotribology | Friction mechanisms | Surface Force
Apparatus
The dynamics of nano-confined liquids are central to pro-cesses such as filtration, energy storage, lubrication, cell
membrane pumps and channels, and a multitude of other
technological and biological scenarios. When the confinement
lengthscale is comparable to the molecular size of the contained
liquid a spectrum of dynamic phenomena are possible depend-
ing on the detailed intermolecular and surface interactions at
play(1–6). In light of such strong relevance it is surprising
that one of the simplest model systems of confined fluid – a
non-polar molecular liquid confined between two atomically
smooth surfaces – still evades full explanation. It is frequently
reported that simple molecular liquids confined to films below
10 nm or so undergo a transition to solid-like behaviour(1, 7–
11) however the nature of this transition continues to motivate
discussion(12–15). Furthermore, reported measurements of
the shear stress sustained by these films span a wide spectrum
with friction coefficients ranging from exceptionally low (for
squalane(12)), through intermediate values (µ ∼0.1) for linear
alkanes(16, 17), and even much higher values (µ > 1)(8); all
measured using similar apparatus employing a single-asperity
contact. The tantalising reports of superlubricity in some cases,
arbritrarily defined by a friction coefficient µ . 0.01, provides
strong motivation to interrogate this model system to untangle
and explain the array of observed phenomena (12, 18–21).
Here we report measurements of the normal and lateral
forces sustained by nanometric films of dodecane confined
between two crystalline mica surfaces. We show that by tuning
two parameters not controlled in previous works – the degree of
commensurability between the confining crystal planes and the
ambient humidity – we are able to span the range of previously-
observed behaviors from superlubric to high friction. Ultralow
friction across a single molecular layer of dodecane is possible
when the two mica crystal surfaces are incommensurate and
sufficiently dry. Twisting the crystalline confining surfaces
into commensurate orientation leads to higher friction, as
does the presence of water adsorbed on the surfaces. These
observations imply strategies for achieving ultra-low friction
under ambient conditions, and indicate a resolution to the
longstanding debate about friction across nonpolar molecular
films.
Our measurements are carried out using a Surface Force
Balance (SFB) to measure normal and shear forces transmitted
between the mica surfaces across thin films of dodecane. The
two mica sheets are freshly-cleaved along the crystal plane to
yield atomically-smooth and uniform sheets (no steps in the
crystal top or bottom) over ∼1 cm2 area and with thickness
1-4 µm. The mica crystals are back-silvered and mounted upon
hemi-cylindrical lenses (radius of curvature R = 7-10 mm),
which are then arranged inside the SFB in crossed-cylinder ori-
entation. Dodecane is injected as a droplet ( 50 µl) suspended
between the lenses. Collimated white light is directed normal
to the mica-liquid-mica optical cavity between the two silver
layers, and the resulting interference pattern (Fringes of Equal
Chromatic Order, FECO) are used to determine the dodecane
film thickness to within 0.1 nm, after the mica thickness has
been determined by calibration. The lenses are translated
normally and laterally relative to one another using a piezo
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Fig. 1. (a) Schematic diagram of the SFB setup, showing the path of light through
the optical lenses arranged in crossed-cylinder orientation. A photograph of a typical
interference spectrum (FECO), used to determine D and precise contact geometry,
is shown above. A zoom-in to the contact area shows detail of the interferomet-
ric cavity with liquid confined to nanofilms between two atomically smooth mica
sheets. (b)Measured normal force, normalized by the radius of curvature, between
two mica sheets arranged in crossed-cylinder configuration across a dodecane film
as a function of dodecane film thickness. Diamonds show data measured on ap-
proach of the surfaces, circles show data measured on retraction, and adhesive
minima are marked as filled triangles. The solid line fits the measured force to
FN/R = Ae−D/λocos(ωD+φ), with 2pi/ω = 0.49 nm, λo = 0.51 nm (further
discussion in the Supplementary Information). The upper inset shows the crossed
cylinder configuration of the mica surfaces; D is measured at their point of closest ap-
proach. The lower inset shows the magnitude of the adhesive minima on a log-linear
scale. Data in this figure correspond to mica sheets in crystallographic alignement
(θ = 0◦); a comparison with θ = 90◦ is provided in the SI Appendix.
crystal upon which one lenses is mounted. Normal and lateral
forces are determined from the deflection of springs, whose
spring constants are calibrated separately. The apparatus and
procedures have been described in more detail elsewhere(9, 22)
and some further details particular to the present measure-
ments are provided in the SI Appendix. A schematic of the
geometry and key features is shown in Figure 1(a).
Mica was highest grade of the ruby muscovite variety (S&J
Trading Inc.) . In some experiments, monolayers of octadecyl-
triethoxysilane (OTE) (Fluorochem, 95%) were deposited on
mica according to established procedures(23); these surfaces
are amorphous with roughness similar to mica. Dodecane
(Sigma-Aldrich, anhydrous, >99%) was stored over freshly ac-
tivated molecular sieves for several days, and filtered through
a 0.2 µm PTFE membrane immediately prior to injection
of the droplet. In most experiments reported here, mica
was re-cleaved with tape using the method of Frantz and
Salmeron(24), and immediately mounted in the apparatus to
minimise exposure to laboratory air. With this method the
mica surfaces are typically exposed to particle-free lab air for
∼ 30 seconds before sealing into the dry and inert atmosphere
inside the SFB chamber. The chamber is purged with dry
nitrogen and a dish containing P2O5 is present to absorb
any residual water vapour. When this re-cleaving method
is used the mica-film-mica 3-layer interferometric cavity be-
comes weakly asymmetric. To calculate D in this setup a
multi-matrix fitting procedure can be used, although with
films D ≤ 10nm the results are indistinguishable from those
obtained with the analytic expression for a symmetric interfer-
ometer and so this was used in our experiments. An extended
discussion of these methods and a comparison of data fitting
with the matrix calculation and symmetric analytic equation
are provided in the SI.
Central to the technique is the ability to resolve the thick-
ness of the liquid between the surfaces, D, with sub-molecular
resolution using white-light multiple beam interferometry(25)
with the aid of semi-reflective silver mirrors on the backside
of each mica piece. Hence normal and shear forces can be
measured between the surfaces via the deflection of horizontal
and vertical springs – of known spring constants – with simul-
taneous knowledge of the liquid film thickness and contact
geometry. Furthermore, exploiting the birefringence of mica,
the multiple-beam interference spectrum can also be used to
determine the relative twist angle of the two mica sheets, in
situ, from the doublet splitting of each interference fringe.
Crystallographically aligned mica (θ = 0◦) results in doublets
with the maximum possible splitting, while mica completely
misaligned (θ = 90◦) results in zero splitting and the fringes
appearing as perfect singlets in the interference pattern. In
this work, experiments were carried out at varying twist angles
using mica cleaved from the same original crystal facet then
aligned at the desired angle by gluing to the cylindrical lenses
at appropriate orientations. The error associated with align-
ment in this way depends on the observation of doublets: for
crystallographically aligned surfaces (θ = 0◦) the twist angle
can be determined very accurately from the doublet splitting
of the FECO fringes in the interference spectrum, with an er-
ror ±1◦. However when θ is close to 90◦, the exact twist angle
cannot be determined due to the fringes being superimposed
(appearing as a singlet). We overcame this problem by carry-
ing out series of experiments using mica cleaved from the same
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original crystal facet then aligned at the desired twist angle by
gluing to the cylindrical lenses at appropriate orientations. In
this way, experiments at θ = 90◦ can be achieved by mounting
the mica crystals onto lenses after the lattice orientation was
known precisely from another experiment with mica from the
same facet. The pieces are cut with straight edges before
gluing to facilitate exact misaglinment when viewed through
the microscope objective. This method leads to a larger total
aligment error of ±5◦ for misaligned surfaces. Therefore, in
the following, ‘θ = 0◦’ implies 0◦ ± 1◦, and ‘θ = 90◦’ implies
90◦ ± 5◦.
We begin by describing the measured normal force between
the mica sheets across dodecane as a function of film thickness,
Figure 1. As the surfaces approach from large separations they
first experience a weak (Van der Waals) attraction, measurable
from ∼5 nm, then at a distance of 3 nm there is an abrupt
repulsion and the force profile becomes oscillatory at D < 3
nm with a wavelength of 0.5 nm. As the surfaces approach
they experience repulsive regions of the force law; retraction of
the surfaces from any point in the oscillatory region leads to
exploration of the minima and an eventual jump-apart of the
surfaces from the nearest adhesive minimum (marked as filled
triangles in Figure 1) to larger separations. The magnitudes of
adhesive minima increase exponentially with decreasing film
thickness down to one confined molecular layer as shown in
the inset to Figure 1. Such oscillatory force profiles, called
structural forces, are commonly observed for molecular liquids
which form ordered layers between two surfaces(26–29). The
measured oscillatory wavelength, ∼0.5 nm, corresponds to
the width of the molecule rather than its length or any other
average dimension, indicating a parallel orientation of the
linear alkane molecules near the surfaces in agreement with
previous force measurements with even-numbered alkanes from
hexane to hexadecane(29, 30). In the present measurements
six oscillations in the force profile are apparent, corresponding
to up to six layers of dodecane molecules confined between the
mica surfaces. The strong repulsive barrier at ∼0.5 nm and
resultant flattening of the surfaces prevented squeeze-out of the
last molecular layer. Notably, we find here that the wavelength
and magnitude of the structural forces are insensitive to the
relative orientation of the mica sheets, or even the confining
material itself (see Supplementary Information, Figure S1).
We now turn to measurements of the shear force sustained
by the film with varying number of dodecane layers, n. Some
representative examples are shown in Figure 2, where panels
(a)-(e) on the left correspond to crystallographically aligned
mica (θ = 0◦) and panels (f)-(j) on the right correspond to
experiments with misaligned mica at θ = 90◦. In all mea-
surements we routinely observe a sharp transition from pure
viscous (liquid-like) to elastic (solid-like) shear response of
the dodecane film when the film thickness is decreased to a
certain number of layers, which we label ntrs. The transition is
marked by (i) a sharp reduction in the ambient noise (increase
in damping) lateral to the surfaces (Figure 2b, g) and (ii)
onset of finite yield stress sustained by the film (Figure 2c, h).
This is in accordance with confinement induced liquid-to-solid
phase transitions first observed for confined pseudo-spherical
molecules such as cyclohexane and OMCTS(1, 9). The value
of ntrs depends on a variety of factors including twist angle,
ambient vibrations, and the presence of water at the surfaces,
as follows.
For crystallographically aligned mica surfaces (θ = 0◦;
Figure 2 a-e), shearing the surfaces laterally across this solid-
like confined film, i.e. for films of n layers with n ≤ ntrs
(with 4 < ntrs < 8 when θ = 0◦ in our experiments), results
in stick-slip friction as shown in Figure 2c and as has been
observed for molecularly confined films of hexadecane in the
past(16, 31). During stick-slip sliding motion, the lateral force
varies between a maximum static shear force FS,st, at the
point of slip, and a minimum kinetic shear force, FS,k, at the
stick-point at which the surfaces are coupled together again.
This behavior continues until the sliding direction is reversed.
The variation of FS,k with load for films of n = 3, 4 and 5 is
shown in Figure 2(d) for different experiments each using mica
from different crystal facets. We choose to plot the kinetic
friction force, FS,k, as it remains constant over the range of
shear velocities investigated, whereas FS,st was observed to
increase with decreasing velocity as as been well documented
in the past for similar systems (32, 33)
The situation is dramatially different when the mica sur-
faces are arranged in crystallographic misalignment (θ = 90◦;
Figure 2 f-j). With misaligned mica sheets ntrs = 1: the
transition to solid-like behaviour occurs at a distance of 0.5
nm, corresponding to only one molecular layer, at which point
there is a small but measurable yield point and kinetic friction
force. The surfaces slide smoothly across the layer with no
observable stick-slip cycles above our force resolution. Fric-
tion coefficients for the misaligned surfaces are extremely low
(Figure 2i), far into the ’superlubric’ regime, and generally
an order of magnitude lower than for aligned surfaces as seen
by comparing Figure 2 d and i. Within a single experiment
(same mica sheets), friction behaviour was reproducible over
different surface contact positions. Small differences between
independent experiments with different mica pieces as shown
in Figure 2i may be due to differing amounts of adsorbed water,
the small error in alignment of the surfaces, variation in sliding
direction or likely a combination of these. Nevertheless the fric-
tion between misaligned surfaces is systematically observed to
be an order of magnitude lower than between aligned surfaces.
Importantly, the ultra-low friction reported here for misaligned
surfaces can be achieved using mica cleaved and cut with Pt
wire using standard procedures with careful consideration of
laminar flow(22), and without the need for prior re-cleaving
of the mica surfaces. However a low humidity in the lab is
required (<20%) for the duration of surface preparation (also
see discussion in the SI Appendix). Without such precautions
or prior re-cleaving, friction coefficients for dodecane confined
between mica surfaces are typically in the range 0.1 < µ < 2.
The presence of trace amounts of water is found to have a
substantial effect on the friction behaviour, as shown in Figure
3 where we report friction as a function of time elapsed since
exposure of the system to humid particle-free air. Here, the
surfaces are crystallographically misaligned and friction is first
measured as soon as possible after immersion in dodecane (15
minutes). Subsequently the dry nitrogen atmosphere inside the
measurement chamber is exchanged with particle-free humid
air. Friction is then recorded, with the same surfaces and at the
same contact position, after various air-exposure times. The
friction increases very substantially: the friction coefficient for
a single layer increases by almost two orders of magnitude over
24 hours, and the friction for two confined molecular layers
becomes measurable, as water is gradually absorbed into the
Perkin et al. PNAS | December 11, 2019 | vol. XXX | no. XX | 3
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Fig. 2. Comparison of lateral force measurements carried out with dodecane films between two mica surfaces mounted in relative crystallographic alignment, θ = 0◦ (a)-(e),
and in crystallographic misalignment, θ = 90◦ (f)-(j). The extent of crystallographic alignment is determined from the FECO interference pattern as described in the text; panels
(a) and (f) show example FECO patterns for aligned and misaligned surfaces. Panels (b) and (g) show examples of the lateral fluctuations in force arising from interaction with
the ambient thermal and mechanical environment, captured during the transition from n = (ntrs + 1) to n = ntrs, i.e. the point at which the film sharply steps from being
liquid-like to solid-like. For the example of aligned surfaces in (b) this occurs from 5 to 4 dodecane layers, whereas for misaligned surfaces, in (g), this always occurs between
n = 2 to n = 1. Panels (c) and (h) show typical traces of the lateral force transmitted across the film when one surface is subjected to back-and-forth sliding motion at
constant velocity 190nms−1 and amplitude 300 nm. For all films below the transition to solid-like, i.e. n ≤ ntrs, a finite stress is sustained by the film before sliding occurs.
For aligned surfaces (in (c)) the shear stress is high, and after the yield point we observe a series of stick-slip cycles until the direction of shearing is reversed. For misaligned
surfaces (in (h)) the lateral force sustained by the n = 1 film is very small, and after yielding we observe smooth sliding (within our resolution). In panels (d) and (i) we show
how the shear stress sustained by the films - i.e. the kinetic friction force FS,K - varies with FN for a range a different n all below ntrs and from various experiments to
show the variation between experiments with different mica sheets. The gradient of FS,K with FN is the friction coefficient, µ, and is shown inset to the panels for each
series. Different symbols correspond to six independent experiments each using different mica pieces and so demonstrate the experimental variation. In (e) and (j) we provide
schematics to illustrate our interpretation, as described in the text: a laterally-ordered dodecane film can sit in commensurate alignment with the mica surface, transmitting the
mica crystalline symmetry into the film. In the case where the two mica sheets are crystallographically aligned, (e), the solidified and 2D-ordered dodecane film can cause the
surfaces to ’lock’ together and the junction exhibits higher friction. Conversely, when the mica sheets are misaligned, (j), such that their lattices are incommensurate, the
dodecane film can only align with one (not both) surfaces and there must always exist at least one interface of lattice mis-match and therefore low friction.
4 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Perkin et al.
DR
AF
T
60
40
20
0
F S
 
/ µ
N
150010005000
FN / µN
n = 1
m = 0.0055 ± 0.0003
n = 1
m = 0.39 ± 0.03
n = 2
m = 0.11 ± 0.01
n = 1
m = 0.062 ± 0.0003
n = 2
m = 0.008 ± 0.0004
 15 minutes
 10 hours
 24 hours
Fig. 3. Kinetic shear force as a function of applied normal load between crystallo-
graphically misaligned mica surfaces across dodecane films of one or two molecular
layers, labelled n = 1 or n = 2 respectively, as a function of time exposed to air.
The friction coefficient, µ, across each layer is given by the gradient of each set of
points.
dodecane and diffuses to the interface.
We now turn to discussing the likely mechanisms underly-
ing the observed friction across nanofilms of dodecane, which
we observe to span three orders of magnitude in friction co-
efficient depending on the crystallographic alignment of the
confining surfaces and the water incorporation into the film.
As a first step, we consider the likely phase and order in the
confined films. As mentioned above, the clear discontinuity
in mechanical properties of the dodecane film between at the
point n = ntrs implies a change of state from liquid (purely
viscous behaviour) at n > ntrs to a solid-like film (supporting
finite shear stress) at n ≤ ntrs. This observation alone would
be consistent with either an amorphous solid / glass structure,
or crystalline order at n ≤ ntrs. However, from our measure-
ments carried out at varying twist angle, we find enormously
varying values of ntrs and friction coefficient, µ, as the con-
fining surfaces go in and out of commensurate alignment. If
the film were amorphous then the twist angle would not be
expected to have any impact on ntrs or µ, since the surface
symmetry information would be ‘lost’ in the amorphous in-
tervening layer. Thus it appears that the symmetry of the
crystalline surface is transmitted into the film, and across the
film at n ≤ ntrs, implying some extent of crystalline or 2D
ordered structure.
The mechanism of stick-slip friction in molecular liquids has
in the past been attributed to shear-melting of the solidified
film(34), however more recent experiments found no evidence
for melting and both experiments and simulations point in-
stead to an interfacial slip mechanism(35, 36). High resolution
measurements using the non-polar liquid octamethylcyclote-
trasiloxane (OMCTS) found no evidence of film dilation asso-
ciated with the fleeting slip events during shear, which would
be expected upon liquefaction of the thin film(36). This im-
plies that interlayer slips within the film, or at the interface
with the confining surfaces are more likely to be the dominant
dissipation modes. Indeed, molecular dynamics simulations
also reveal interlayer and wall slips during stick-slip sliding,
where the ordered solidified film is well maintained during the
slip(37).
Comparing the friction measured for one and two molecular
layers of dodecane (Figure 3) allows us to distinguish between
wall slip and interlayer slip mechanisms. For one confined
dodecane layer, slip must take place at the mica interface. It is
clear that friction coefficients are substantially different (lower)
for a film of two confined layers, which suggests that in this
case shear occurs between the dodecane layers - rather than at
the wall - when the mica surfaces are misaligned. In the case
of crystallographically aligned mica surfaces it is not clear at
which interface slip is occurring since we are unable to compare
with friction for one layer in that case. However we note
that µ is essentially constant for all n within each individual
experiment (Figure 2d), only the adhesion contribution (i.e.
the y-intercept of an extrapolated line through the points at
each n; see SI Appendix for further discussion) alters with n,
indicating that the slip plane is unchanged.
The extremely low friction reported here for a single layer of
ordered (2D crystalline) dodecane confined between dry crys-
tallographically misaligned mica surfaces can be rationalised
by structural lubricity arguments as follows. The concept of
structural (super-)lubricity is well established for interpreting
the low friction between dry crystalline surfaces at incom-
mensurate alignment(38); the lattice mis-match between two
crystalline surface leads to an effective ‘cancellation’ of the en-
ergy barriers to lateral motion and thus ultra-low friction(38).
However this concept was previously not thought relevant
to liquid-lubricated contacts. Here we argue that, when the
pure alkane film between crystalline surfaces solidifies into
an ordered (2D crystalline) film, a similar structural lubricity
can occur. The dodecane layers directly adsorbed to the mica
surfaces are laterally ordered in domains such that they are
in registry with the hexagonal mica lattice(39). Hence, the
hexagonal surface structure induces a hexagonal structure in
the confined liquid. This order extends into the liquid over
some characteristic distance, and, for aligned surfaces, can
persist across the whole thickness of the film(40) leading to
measurable shear stress for n ≤ ntrs. However for misaligned
surfaces there must always be an interface which is incom-
mensurate and so allows ultralow friction, whether it be an
interface between (within) the laterally ordered alkane layers
or at the interface with one of the confining mica surfaces.
Schematic diagrams illustrating this concept are in Figure
2(e),(j). Such an effect has indeed been shown to occur in sim-
ulations of dodecane confined between crystalline surfaces(41),
and cyclohexane between mica surfaces(15) where the slip
plane was unambiguously at the mica surface as is consistent
with the present results.
To investigate the effect of surface crystallinity on the
friction - testing the hypothesis above - we carried out sep-
arate experiments where the mica surface was coated with
an atomically smooth but amorphous silane monolayer. In
those experiments (examples are shown in the SI Appendix)
we found no effect of twist angle, highlighting the role of
crystallinity of the confining surfaces. In these experiments
with amorphous surfaces the kinetic friction forces were repro-
ducibly low, though the static friction force increased markedly
with load. It is likely that the amorphous surfaces prevent
pinning of local domain alignment compared to crystalline
surfaces(42).
While the effect of surface orientation on friction across
Perkin et al. PNAS | December 11, 2019 | vol. XXX | no. XX | 5
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hexadecane has been studied experimentally(43), the friction
reported was in all cases generally very high; this was perhaps
due to small amounts of surface adsorbed water which we have
here shown to increase friction. Whist we cannot unambigu-
ously determine the mechanism of the increased friction with
water content, there is strong evidence in the literature of an
effect particular to mica which we propose as most likely to un-
derlie our observations. It is well established that mica cleaved
in a humid atmosphere adsorbs water and CO2 which complex
with the mica K+ to form crystalline K2CO3 hydrates(44).
Since the water and carbonate crystal are insoluble in dode-
cane, it is likely that – in the ‘wet’ experiments where these
crystals are allowed to form – they remain on the mica surfaces.
Since the crystals can easily reach dimensions of order 1-2nm,
they can bridge the gap between the two mica sheets and
thereby increase the shear stress of the contact region. The
gradual increase in friction with increasing humidity is likely
to correspond to a gradual increase in both the number and
size of these crystalline salt bridges within the confined region.
Notably, even in relatively humid experiments, the oscillatory
normal force between the surface is not much different to the
dry experiments; this is likely due to the very small fraction of
the total area taken up by the crystallites, so that that they
impact significantly the shear force but not the normal force.
In summary, we investigated the effects of surface crys-
tallinity, crystallographic orientation, and presence of water
on the friction across molecularly confined dodecane films. The
measured oscillatory structural forces across alkanes reported
here and in the literature are in agreement in both range and
magnitude, and thus we propose that an explanation for the
enormous differences in observed friction behaviour - spanning
some three orders of magnitude - is likely to come from differ-
ences in lateral structure in the confined film. Based on the
experiments presented here we propose that this lateral struc-
ture is acutely sensitive to the crystallinity and twist angle of
the confining surfaces, as well as the presence of trace amounts
of water, and that sliding of incommensurate solid-like alkane
layers explains the ultralow (’superlubric’) friction observed in
certain circumstances. Our results reconcile the confinement-
induced liquid-to-solid phase transition with ultralow friction
observed in the past by different researchers, which until now
have appeared to be competing findings.
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